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Abstract Circadian rhythmicity plays an important role for
many aspects of honey bees’ lives. However, the question
whether it also affects learning and memory remained
unanswered. To address this question, we studied the effect
of circadian timing on olfactory learning and memory in
honey bees Apis mellifera using the olfactory conditioning
of the proboscis extension reflex paradigm. Bees were
differentially conditioned to odours and tested for their
odour learning at four different “Zeitgeber” time points. We
show that learning behaviour is influenced by circadian
timing. Honey bees perform best in the morning compared
to the other times of day. Additionally, we found influences
of the light condition bees were trained at on the olfactory
learning. This circadian-mediated learning is independent
from feeding times bees were entrained to, indicating an
inherited and not acquired mechanism. We hypothesise that
a co-evolutionary mechanism between the honey bee as a
pollinator and plants might be the driving force for the
evolution of the time-dependent learning abilities of bees.
Keywords Circadian.Honey bee.Learning.Olfaction
Introduction
With the constant recurrence of day and night, animals are
faced with changes in light, temperature and other
environmental factors such as food or predators. The steady
quality of this phenomenon itself gives them the possibility
to anticipate and to exploit the right time of day and
situation. Prediction of the changes in environment is made
possible by the endogenous circadian clock. Circadian
rhythmicity affects nearly every aspect of animal or human
life, from the cellular level up to behaviour. So, it is no
surprise that learning also has been shown to be affected by
diurnal rhythms (Daan 2000; Schmidt et al. 2007).
The existence of diurnal rhythmicity for honey bees was
already noticed at the beginning of the twentieth century
when Hugo von Buttel-Reepen (1900) showed that bees are
able to learn the time of day when flowers produce nectar
and pollen. Ten years later, Forel (1910) described bees
harvesting at his breakfast table every day at the same time
of day. This memory of time was termed “Zeitgedächtnis”
and extensively studied by Beling (1929) and Wahl (1932).
At that time, it was hypothesised that the “Zeitgedächtnis”
is somehow related to the nectar and pollen secretion of the
flowers bees forage on (Beutler 1930; Kleber 1935) and
that bees only forage when the secretion reaches its daily
maximum.
A strong indication that honey bees have an
endogenous sense of time was given by Renner (1960)
with a transoceanic experiment in which he flew time-
entrained bees from Paris to New York and observed that
the bees still maintained their Paris time schedule. Beier
and Lindauer (Beier 1968; Beier and Lindauer 1970)
showed that the circadian rhythm is adjusted daily by the
sun as the “Zeitgeber”, and Koltermann (1971) showed
that the “Zeitgedächtnis” lets the bees distinguish between
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odours but also applicable to colours. Prabhu and Cheng
(2008a, b) demonstrated that this ability functions even
after only 1 day of learning for both modalities and despite
impairment by conflicting memories. Later on, the genetic
background of the honey bee circadian clock was
unravelled (Toma et al. 2000; Rubin et al. 2006) based
on findings in other insect species beginning in 1971 with
t h ed i s c o v e r yo ft h ep e r i o dg e n ei nDrosophila
melanogaster (Konopka and Benzer 1971).
Most experiments concerning the behavioural and
ecological aspects of circadian rhythmicity in honey bees
were made at population level, with few exceptions
(Moore and Rankin 1983;K a i s e r1988). All experiments
were conducted to elucidate the ability to remember a
specific time of the day or to find other possible
“Zeitgeber” that would add to the role of daylight. So
far, no study investigated whether the bees’ learning
performance varies with a circadian rhythm. This is
surprising, given that memory has been shown to be
modulated by circadian time in other species, such as the
cockroach Leucophaea maderae (Decker et al. 2007), the
fruit fly D. melanogaster (Lyons and Roman 2009)a n d
the molluscs Aplysia californica and Aplysia fasciata
(Lyons et al. 2005). The influence of the circadian clock
on memory has also been shown in vertebrates such as
zebrafish (Rawashdeh et al. 2007) or humans (Fabbri et al.
2008). Therefore, we investigated the influence of
circadian timing on the learning performance of individual
honey bees using the proboscis extension reflex (PER)
(Bitterman et al. 1983) for appetitive differential condi-
tioning (see “Materials and methods”) at several times of
the day and found that learning performance is best in the
morning. We then investigated whether this daily perfor-
mance peak can be shifted by entraining the bees to
specific food expectations at other times of the day and
found this not to be the case.
Materials and methods
Honey bees
All experiments were conducted on Apis mellifera
foragers (nurses do not show circadian rhythmicity
(Shemesh et al. 2007)). Bees were captured either at a
feeder placed in front of the hives, at the entrance of the
hive or, in case of the indoor bees, at the hive surrounding
gauze. Bees not caught at the feeder were identified as
foragers by their advanced age (behaviourally by catching
bees flying or sitting outside the hive and by their overall
appearance, e.g. loss of thoracic hair, darker abdomen,
worn-out wings). The bees were cooled on ice for several
minutes until they just stopped moving. We kept cooling
time as short as possible in order to minimise possible
effects on circadian timing, given that temperature is a
potent “Zeitgeber” (Fuchikawa and Shimizu 2007).
Cooling time was always below 10 min and thus much
less than the 30 min reported to have an effect on
circadian rhythmicity (Hamm et al. 1975).
After harnessing, bees were fed with 1.25 M sucrose
solution ad libitum. All bees stayed overnight or, in
case they were conditioned at night, over the day either
in their container or in a humidified environment in an
undisturbed room. For the harnessed outdoor bees, it
was assured that they experienced normal daily
rhythmicity during that time, i.e. day length and
temperature. All experiments took place between
February and September.
Outdoor bees
Bees originating from outdoor hives could fly freely in
the surrounding area and forage in the nearby meadows
and woods. Outdoor bees experienced the normal
periodicity of the day length, the naturally occurring
changes in temperature and wind conditions and the
natural succession of blooming and nectar flow.
Indoor bees
Indoor bees were kept in a gauze cage (4×2.4×2.3 m)
within a room (6×2.40×2.50 m). These rooms were
illuminated by 12 fluorescent tubes (Philips Master
T L - D 9 0D e L u x eP r o5 8W / 9 6 5 )a n d1 2U V - f l u o r e s c e n t
tubes (Osram Eversun L80/79). Electronic ballasts
enhanced the tubes’ flickering rate to 300 Hz.
Temperature and humidity were controlled with an
electric heater and an air humidifier. Humidity was set
to approximately 75% RH; temperature was kept
between 18°C (night) and 25°C (daytime). Solar
radiation and high external temperatures led to slightly
higher temperatures during some summer days. The
luminance 1 m above the ground was approximately
1,800 lx. Sugar water, ground pollen and water were
provided on a table where the bees could forage.
According to the experimental needs, the light dark
cycle was either 12 h light/12 h darkness (LD) or 12:12
DL. These bees will be referred to as indoor bees.
Differential PER conditioning
At 10 min before the experiments, each bee was checked
for intact PER by slightly touching one antenna with
1.25 M sucrose solution without feeding the bee. Animals
that did not show any reflex or could not move their
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Additionally, bees which showed no response at all during
training and test were excluded from the analysis as well as
bees which responded to each odour constantly.
An appetitive differential conditioning was used to
analyse olfactory learning. One odour served as a
reinforced conditioned stimulus (CS+), it was rewarded
with 1.25 M sucrose solution (unconditioned stimulus,
US); the other odour remained unrewarded (CS−)
(Bitterman et al. 1983). The odours were delivered to
the honey bees using a custom-built, computer-controlled
olfactometer. Air velocity at the bees head was about
1.6 m/s consisting of a carrier airstream and an odour
stream. To avoid changes in air velocity, opening the
odour stream was compensated by closing a
corresponding air stream. For all experiments, 1-
hexanol and 2-octanol (Sigma Aldrich) were used. These
odours were diluted 10
−2 in mineral oil. A total of 200 μl
of the diluted odour was applied on rectangular Sugi
strips (Kettenbach GmbH & Co. KG, Eschenburg,
Germany) and placed at the distal end of 2-ml syringes
in the olfactometer. Air suction behind the conditioning
apparatus prevented the odours from accumulating.
An intertrial interval of 10 min and a trial duration of 40 s
allowed training of 15 bees in parallel. After 20 s of
familiarisation to the experimental context, the CS was
presented to the bee for 4 s. Three seconds after onset of the
CS+, the antennae were stimulated with the US, leading to a
proboscis extension. The bee was allowed to feed for 3 s. The
bee was left in the conditioning context for an additional 14 s.
The bees were exposed to a total of 12 odour stimuli
during training. The odours were presented in a pseudo-
randomised order (e.g. ABBABAABABBA) starting with
odour A or B in a balanced presentation. Both hexanol and
octanol served as CS+ in a balanced way. Thirty minutes
after training, bees were tested for their odour response. The
test procedure was similar to that for conditioning trials but
no US was given after odour delivery. The test odours were
applied in the order CS+ – CS−.
During the experiments, the bee’s response to the
presented odorant (PER or no PER) after the onset of the
odorant and before the presentation of the sugar water in
the case of reinforced trials was recorded. Multiple
responses during odorant presentation were counted as a
single PER. The response to the odour alone was noted as
1; no response or PER triggered by sugar water were noted
as 0. From the responses to the CS+ and the CS−,a
differential learning index (DLI) was calculated (Eq. 1).
2This index is a variant of previous discrimination indices
(Pelz et al. 1997; Vergoz et al. 2007; Fernández et al. 2009).
It corresponds to the difference between the CS+ response
and the CS− response (compare Fig. 2b and c). Mathemat-
ically, it is calculated as
DLI ¼
nl   nn
nt
ð1Þ
where nl is the number of learning bees (response to CS+, but
nottoCS−),nn the number of non-learning bees (no response
to CS+ but to CS−)a n dnt the total number of bees.
Experimental design
To investigate the impacts of diurnal rhythmicity on
learning performance, it was necessary to train the bees at
fixed daily time points. Standard illumination regime for
indoor bees was 12 h light and 12 h darkness (12:12 LD)
with lights on at 07:00 (“Zeitgeber” time (ZT0)) and lights
off at 19:00 (ZT12) (Fig. 1a). Additionally, there was a
Fig. 1 Relationship of illumination, real time and “Zeitgeber” time
for the different bees. The inner circle indicates the illumination
regime (black - darkness, white - daylight); the outer circle the
“Zeitgeber” time. At the circles’ outside, the corresponding time of
day can be found. a Indoor bees (12:12 LD). Both night and day are of
equal length (12 h). Light is switched on at 07:00 (ZT0) and switched
off at 19:00 (ZT12) - indicated by italic times. b Inverted indoor bees
(12:12 DL). Both night and day are of equal length (12 h). Light is
switched on at 19:00 (ZT0) and switched off at 07:00 (ZT12) -
indicated by italic times. c Outdoor bees at mid-June (21.06) with a
day length of 16 h and a night length of 8 h (16:8). Sunrise in this
example is at 05:25 (ZT0) and sunset at 21:25 (ZT12) - indicated by
italic times
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DL in the following text) leading to ZT0 at 19:00 and ZT12
at 07:00 (Fig. 1b). Training times were set to ZT3, ZT9,
ZT15 and ZT21, corresponding to one quarter and three
quarters of day and night, respectively.
The illumination for indoor bees was also inverted to
control for possible effects resulting from other “Zeitgeber”
than light (e.g. vibrations of the building during daytime,
traffic noise, etc.).
For outdoor bees, time points were chosen with
respect to sunrise, i.e. appearance of the sun above the
horizon as equivalent of lights on. Sunrise was set as
ZT0 and sunset as ZT12, irrespective of the actual day
length, using public databases (GeneralAviation 2009;
Thiele 2009) as source of correct time for Konstanz,
Germany. Because the photoperiod changes throughout
the year for the outdoor bees, these time points had to be
adjusted (Fig. 1c), i.e. training times were defined in
relationship to total day length. For an overview of the
different trainings and testing times with respect to the
different treatments and ZTs, see tables S1 and S2.
Because illumination is an important “Zeitgeber”, light
conditions during the experiments might influence the
results. We therefore trained and tested both in light
(daylight) and darkness (dim red light) at all time points.
Bees in constant darkness
Circadian rhythmicity is maintained without a “Zeitgeber” in
both constant light (Frisch and Aschoff 1987)a sw e l la s
constant darkness (Moore and Rankin 1985) for some time.
To evaluate whether our findings are of a real circadian nature,
we kept outdoor bees in constant darkness and constant
temperature for about 2 days and trained them at the same
time points as described above using the same experimental
context. The bees were caught in front of an outdoor hive and
kept in a 30×30×30cm insect rearing cage (BUGDORM-1,
MegaView Science Education Services Co., Taiwan) inside a
completely dark room lightened by dim red light only during
preparation of the bees. Bees were caught inside the rearing
cages, cooled on ice for several minutes until they stopped
moving and harnessed 3 h prior to the experiment. After
harnessing, the bees remained in the dark room until the start
of the conditioning.
We adjusted the duration of the single experiment by
decreasing the intertrial interval to 5 min. The number of
training trials remained the same and the odour exposure
time for each bee remained the same, but the familiarisation
time within the airstream prior to the odour exposure and
after the odour exposure was decreased. Bees were tested
30 min after the last training trial. Bees were trained and
tested both in light (daylight) and darkness (dim red light)
at all time points. Because no differences concerning the
odours were found previously, we only used octanol as CS+
for these experiments.
Feeding
To evaluate the impact of feeding time on learning
performance, outdoor bees were trained to two feeding
stations next to the hives. The feeding stations were
odorised by a mixture of 1-hexanol, 2-octanol, linalool
and limonene (Sigma Aldrich; Merck, Darmstadt,
Germany) and were accessible to the bees either at ZT3
or at ZT9. Bees were caught at the feeders 1 day prior to the
experiment and treated like the other bees. They were
conditioned at ZT3 or ZT9 and their differential learning
index was calculated.
Additionally, two hives were transferred into two
cages with a diameter of 4×2×2.50 m and situated
outdoors. These semi-outdoor bees were subject to the
normal diurnal rhythmicity and normal weather condi-
tions. Two feeding devices were placed in front of the
hive. They were accessible at either ZT3 (9:00 - 12:00) or
ZT9 (16:00 - 19:00) for 1 week prior to the experiments
and during the experiments. Bees were caught at these
feeding devices, cooled on ice and harnessed 1 day prior
to the experiment and then underwent differential
conditioning as described above on ZT3 and ZT9.
Meta-analysis of pollen and nectar data
We analysed data provided by several studies (Kleber
1935; Percival 1947, 1950; Maurizio 1953; Pesti 1976;
Mačukanović and Blaženčić 1998) with respect to temporal
patterns of both nectar and pollen secretion. Because these
studies used several different methods, we normalised these
data concerning the number of plants secreting nectar or
pollen for each hour of day. A paper stating, for example,
“pollen for plant X between 8 and 10” resulted in counting
one species of plants secreting pollen at 8, 9 and 10. All 86
plants used to calculate the pollen secretion are known as
important food sources for bees as well as most of the 49
plants providing information on nectar secretion (see online
resources tables S3 and S4).
Statistics
The percentage of PER recorded during acquisition was used to
plot learning curves. To analyse the variation of performance
during trials, we used analyses of variance (ANOVAs). It has
been shown that it is permissible to use ANOVA on
dichotomous data when there are at least 40 degrees of freedom
(Lunney 1970; Guerrieri et al. 2005). These conditions were
met by all experiments. When appropriate, t-tests were used.
Analyses were performed using the “R” software (R
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Statistica 6.1 (StatSoft Europe GmbH, Hamburg, Germany)
and JMP (SAS Institute GmbH, Heidelberg, Germany).
Results
In total, we trained 1,155 honey bees along six trials at four
different “Zeitgeber” time points in order to evaluate their
learning performance at different times of day. Out of the
total number of 1,155 bees, 366 were outdoor bees and 789
were indoor bees. Additionally, we trained 169 bees as a
control in constant darkness (DD) and we trained 352 bees
in order to evaluate the influence of food supply on diurnal
learning performance.
Differential conditioning
Odour learning acquisition During training, we measured
the learning acquisition curve. Figure 2a shows a typical
acquisition curve (additional curves are given in online
resource S5). The mean initial PER response towards the
odours at trial one was 21%. In all experiments, some
animals responded spontaneously to the odour on the first
trial, which is normal for PER experiments (Menzel 1990).
Response to the CS+ increased strongly during the
following trials. Bees also responded to the CS− during
the first trials (odour generalisation). The training curves
began to diverge during the course of the experiments,
indicating that bees learned to discriminate CS+ and CS−.
Responses to the last trial for the CS+ ranged between 75%
and 84% and for the CS− between 18% and 29% of
possible 100%, respectively; there was a significant
difference in this last acquisition trial between CS+ and
CS− in all groups (repeated measurements analysis of
variance (RM-ANOVAs), P<0.05; for Fig. 2a, F1, 96=
170.5186, P<0.0001).
Test Bees were tested 30 min after training. During the test
phase, the responses to the CS+ corresponded approxi-
mately to those of the last training trial. The responses to
the CS+ ranged between 78% and 83% and were always
higher than those to the CS−, which ranged between 19%
and 32% (see also online resource S6; for Fig. 2b, F1, 96=
155.6757, P<0.0001). The difference was significant in all
groups (RM-ANOVAs, P<0.001). There was no significant
difference between the odours used as CS+; the responses
towards octanol as well as to hexanol were equal (one-way
ANOVA, F1, 1153=3.4005, P=0.0654).
Differential learning index The responses towards the CS+
and the CS− measured during the test were used to
calculate a DLI (see “Materials and methods”) in order to
evaluate the learning performance under different condi-
tions. Figure 2c shows the differential learning index
corresponding to Fig. 2b. Higher DLI correspond to a
higher discrimination ability of the honey bees which is our
definition of learning performance.
Influence of “Zeitgeber” time on learning performance
Learning performance as measured with DLI varied at
different times of day and night (Fig. 3). A comparison of
DLI at the four different ZTs for outdoor bees (Fig. 3a),
indoor bees (Fig. 3b) and bees maintained under constant
darkness (Fig. 3c) showed that bees learn significantly
better at ZT3 than at all other ZTs in all groups (with
exception for the comparison ZT3 with ZT21 in Fig. 3c)
(one-way ANOVA, F3, 1319=14.3624, P<0.0001; Fisher
post-hoc comparison, ZT3/ZT9 P < 0.0001, ZT3/ZT15 P <
0.0001, ZT3/ZT21, P=0.0004; outdoor bees F3, 362=
5.4057, P=0.0012; Fisher post-hoc comparison, ZT3/ZT9
P = 0.0145, ZT3/ZT15 P = 0.0001, ZT3/ZT21 P = 0.0045;
indoor bees F3, 785=6.3439, P=0.0003; Fisher post-hoc
Fig. 2 Differential conditioning of honey bees and calculation of
differential learning index DLI. a Typical acquisition curve. Full circles,
proboscis extension reflex (PER) response to conditioned stimulus
(CS)+; empty circles, PER response to CS−, total of six training trials. b
PER response to CS+ and CS− 30 min after the last trial. The learning
performance was calculated from the difference between the two bars
(see text). c Example of differential learning index (DLI) for data of b.
Asterisks indicate significant differences (see text)
Behav Ecol Sociobiol (2011) 65:205–215 209comparison, ZT3/ZT9 P = 0.0226, ZT3/ZT15 P<0.0001,
ZT3/ZT21 P=0.0151). There were no significant differ-
ences between the three treatments, showing that the good
performance at ZT3 is a robust phenomenon.
Our experiments were balanced with respect to the odour
used for CS+ (two groups), i.e. both odours were used as CS+
and CS−, respectively, to exclude possible innate odour
preferences and with respect to the illumination regime for
training and testing (i.e. every experiment was conducted
either in the dark or with light). There was no interaction for
DLI between ZTand the odour used as CS+, and the effect of
odour was not significant (two-way-ANOVA,odour × ZT, F3,
1147=1.778, P=0.3170; odour alone, P = 0.1097; online
resource S7b). Equally, there was no interaction between the
state of illumination and ZT (two-way-ANOVA, light × CT,
F3, 1147=0.4218, P=0.7374). However, testing in the dark or
with light had a strong influence on test performance: bees
performed better in the dark (one-way ANOVA, F1, 1153=
16.4018, P<0.0001; online resource S7a).
Bees in constant darkness
When a circadian rhythm is deprived of its “Zeitgeber”
(e.g. light, since in most cases the sun is the most
important “Zeitgeber”), it will generally continue on its
own in a free-running rhythm, though the phase will
shift and rhythm amplitude will be reduced (Aschoff
1981). To test whether the better learning performance
that we observed at ZT3 relies on an endogenous
circadian rhythm, we trained bees that were kept in DD.
In constant darkness bees, DLI was also higher in the
morning (CT3) than in the afternoon (CT9) (one-way
ANOVA, F3, 165=9.5523, P<0.0001; Fisher post-hoc
comparison, P < 0.0001). Hence, better learning perfor-
mance in the morning is truly circadian and controlled
endogenously.
Influence of feeding time on DLI
Though controlled endogenously, learning performance dur-
ing the day could be additionally influenced by individual
feeding experience. Since the first observations of circadian
rhythmicity in honey bees, it was hypothesised that foraging
activity is synchronised with flower rhythmicity, in particular
with diurnal fluctuation in nectar and pollen availability. Bees
easily learn to associate a specific time of the day with a food
source and its remaining parameters, such as location, odour
and visual display (Pahl et al. 2007; Prabhu and Cheng
2008a; Prabhu and Cheng 2008b). Furthermore, many
flowers in temperate zones secrete more nectar and pollen
early in the day (Kleber 1935; see also Fig. 4,t h i sp a p e r ) .
Thus, better learning performance in the morning may well
be linked to so-called food anticipatory activity (Moore and
Doherty 2009) reflecting the individual experience of each
bee as it has been shown that bees are more precise in
arriving at a specific time and food source (Moore and
Rankin 1983; Moore et al. 1989). We therefore tested the
influence of food availability for the hive on the learning
behaviour of bees. Outdoor bees were trained to sugar water
feeders whose attractiveness to the bees was reinforced with
an odour mixture. Within a few days, bees showed up at the
feeding place about a quarter of an hour earlier, confirming
the often described food anticipation behaviour (von Frisch
1965; Moore et al. 1989;M o o r ea n dD o h e r t y2009). Bees
from these feeders were then used in our training assay. Bees
from hives entrained to food at ZT3 learned significantly
better at ZT3 than at ZT9 (F1, 86=4.7953, P=0.0312;
Fig. 4a). However, also bees from hives entrained to food
at ZT9 had higher DLI at ZT3 than at ZT9 (F1, 84=29.9065,
P<0.0001; Fig. 4a). A two-way ANOVA showed that food
entrainment of the hive had no influence on DLI values (F1,
170=0.2212, P=0.6388 ), while the difference between ZT3
and ZT9 was significant (F1, 170=26.4638, P<0.0001). It
Fig. 3 Learning performance is better at ZT3 than at all other
“Zeitgeber” time points. a Outdoor bees, differential learning indices
(DLI) at four different “Zeitgeber” time points (ZTs). b Indoor bees in
artificial day–night rhythm. c Outdoor bees that were kept in constant
darkness for 2 days prior to training. Horizontal bars: white bar,
training and testing during day; black bar, training and testing during
night; grey bar, training and testing during subjective day. In all cases,
DLI at 30 min post-training are shown. Letters indicate statistical
difference (see text), numbers in brackets indicate sample sizes
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between ZT and feeding time (ZT × feeding time, F1, 170=
5.2292, P=0.0234).
Although there were almost no nectar-secreting plants in
bloom during the duration of these specific experiments
(August in Southern Germany), it could not be excluded
that other food sources might have been used by the bees
and that these might have influenced the bees’ experiences.
Therefore, the experiments were repeated with semi-
outdoor bees. Here, hives were kept in outdoor cages so
that they experienced the same environment as outdoor
bees, with the exception of available food sources that were
entirely controlled in the experiment. By running different
feeding times in parallel, we further reduced the influence
of other parameters on our experiment. Bees learned to
anticipate feeding and arrived early at the feeding place
after a few days of regular feeding. In addition, we
observed that flight activity in the cages was highest
before, during and after feeding time, but less during the
rest of the day. This happened independently of other
factors such as temperature or rainy weather. These
observations are also consistent with previous studies (von
Frisch 1940; Moore et al. 1989). The DLI was higher at
ZT3 than at ZT9 both for bees entrained to food at ZT3 (F1,
86=14.3953, P=0.0003) and for bees entrained to food at
ZT9 (F1, 88=5.6200, P=0.0199; Fig. 4a). A two-way
ANOVA showed a significant effect in DLI magnitude
between testing at ZT3 and at ZT9 values (F1, 174=18.6050,
P<0.0001) but not for food entrainment times (F1, 174=
0.9990, P=0.3189) and no significant interaction between
the two factors (F1, 174=0.7038, P<0.4072).
Discussion
Bees learn better in the morning
In this study, we have investigated the influence of
circadian rhythmicity on olfactory learning performance in
honey bees and show that bees learn best in the morning.
Previous studies have shown that circadian rhythmicity
has strong influences on various aspects of honey bees’
lives. For instance, they use a time-compensated sun
compass to navigate back and forth from the hive (von
Frisch 1950; Lindauer 1960; von Frisch 1965) which they
achieve by a combination of innate knowledge and an
appropriate update depending on the situation (Dyer and
Dickinson 1994; Towne 2008; Towne and Moscrip 2008),
and their locomotor behaviour is driven by a circadian
clock (Moore and Rankin 1985;M o o r e2001). These
findings show a clear diurnal variation in honey bees’
activity. The foraging phase of honey bees is restricted to
day light as their small and comparatively insensitive
apposition compound eyes do not allow for foraging at
night (Rose and Menzel 1981; Warrant et al. 1996).
Furthermore, bees sleep in their inactive phase, especially
at night (Kaiser 1988). So, it is no surprise that learning and
memory in honey bees is better during the active phase, as
Fig. 4 Better learning performance at ZT3 is maintained irrespective
of feeding time. a Feeding time does not influence the learning
performance of honey bees. Learning performance at “Zeitgeber” time
(ZT) 3 is significantly higher than at ZT9 for both early feeders (bees
had access to food at ZT3) as well as late feeders (bees had access to
food at ZT9) in both treatments (free (n=174) and caged (n = 178)
bees). Asterisks indicate significant difference (see text). b Plants
exhibit strong daily variation in nectar secretion and pollen produc-
tion. The majority of nectar- and pollen-secreting plants blossom
during the morning and early afternoon (meta-analysis based on data
from Kleber (1935), Percival (1947, 1950), Maurizio (1953), Pesti
(1976) and Mačukanović & Blaženčić (1998); pollen: nplants=85,
nectar: nplants=44)
Behav Ecol Sociobiol (2011) 65:205–215 211it is in other species, e.g. cockroaches (Decker et al. 2007),
A. californica and A. fasciata (Lyons et al. 2005), mice
(Chaudhury and Colwell 2002) and humans (Kleitman
1933; Folkard 1975; Folkard and Monk 1980).
In addition, we find that, during the day, bees learn better
in the morning as compared to the afternoon. This effect is
clearly linked to the circadian rhythm. Our experiments,
however, were not designed to evaluate the mechanistic
origin of the effect. Thus, an effect of fatigue, of sleeping
cycle, or of a direct link to the endogenous clock is
possible, without being mutually exclusive. For example,
sleep deprivation also affects memory, though its effect is
complex with differences between acquisition and retention
(Hussaini et al. 2009). The role of an endogenous rhythm is
evidenced by our finding that bees kept in constant
darkness also learn better in the morning. In addition, these
bees showed no statistically significant difference between
CT3 (morning) and CT21 (before dawn; Fig. 3c), suggest-
ing a cycle time of less than 24 h. Previous studies showed
that the intrinsic day of bees is shorter than 24 h, both for
foraging rhythms (Bennett and Renner 1963; Beier 1968)
and for locomotor behaviour (Moore and Rankin 1985).
Further experiments with longer periods of darkness, a
better temporal resolution and molecular manipulations are
necessary to investigate the mechanistic origin of why
learning is better in the morning.
Bees learn better in darkness
Additionally to our data concerning the influence of circadian
timing on honey bee olfactory discrimination learning, we
show that the experimental context is also important: bees
learntodiscriminatetwoodoursremarkablybetterindarkness
than under light. Possibly, it is just the effect of reduced
distracting optical stimuli. Alternatively, or additionally, this
might originate from honey bee biology: most of a bee’sl i f e
takes place inside the dark hive where odours are a main
source of information, including communication between
workers and brood (Pankiw et al. 1998;P a n k i w2004; Sagili
and Pankiw 2009) as well as the queen and the workers
(Winston and Slessor 1992;H o o v e re ta l .2003;P a n k i we ta l .
2004). Additionally, odours are used by homing foragers to
advertise profitable food sources (Farina et al. 2005;A r e n a s
et al. 2007; Farina et al. 2007). Thus, the better learning
performance for olfactory cues in darkness (irrespective of
the time of day) could be an adaptation to living within the
hive. More and dedicated experiments are needed to tackle
this question, in particular given that the influence of light
conditions onto learning has been analysed in several insect
species but range from improvement (Yarali et al. 2008)t o
no change (Matsumoto and Mizunami 2004;S a t oe ta l .
2007) to reduction of learning performance (this paper),
suggesting a species-specific trait.
Adaptive and ecological significance
There has been a long discussion since the experiments
done by Wahl in the 1930s (Wahl 1932; Wahl 1933)a st o
whether there is a true circadian rhythmicity in honey bees
or whether the bees “just” learn the time of day when food
is available. The existence of an endogenous clock was then
shown several decades later not only by the identification of
the respective genes (Toma et al. 2000) but also by
behavioural experiments which show its control on
locomotion, time sensing or food anticipatory behaviour
(for a review, see Moore 2001). We confirmed that bees can
be trained to visit a feeder at a particular time of day.
However, we also show that this training has no impact on
the circadian fluctuation in learning performance: learning
remains best in the morning.
This also concurs with a higher level of foraging
accuracy of bees trained to a morning food source in
comparison to bees trained to an afternoon food source
(Moore et al. 1989). Therefore, our results cannot be
explained by an immediate behavioural adaptation. Indeed
the tendency for food anticipatory behaviour might be one
of the evolutionary driving forces in the interaction between
flowers and bees.
We propose that the advantage is energetic, under the
assumption that high learning performance is energetically
costly (Mery and Kawecki 2003). In this view, the need to
learn new odours would be reduced during the afternoon
because there are fewer flowering plants at that time. It was
shown by Kleber (Kleber 1935) that most flowers she
investigated blossom and secret nectar and pollen during the
morning, an observation that was repeatedly confirmed
(Jaxtheimer 1949;M a u r i z i o1953;P e s t i1976;M a čukanović
and Blaženčić 1998). This is also true for aphid sucrose
secretion, the so-called honey dew, which is an important food
source for bees (Gleim 1984). We therefore hypothesise that
the increased learning performance has co-evolved with the
plant’s nectar and pollen secretion.
But what is the evolutionary force that pushes this co-
evolution to the morning hours rather than any other time of
theday?Thebeesentrainedtofoodtimesinthisstudyshowed
the same behaviour described elsewhere (Forel 1910;M o o r e
et al. 1989; Moore and Doherty 2009): they were already
waiting at their feeding place prior to the entrained feeding
time. We therefore speculate that it might be evolutionarily
advantageous to be the “early bee” and to “catch” the flower
in order to outcompete possible competitors such as
butterflies, flies and conspecifics of other hives. Thus, bees
and flowers may have evolved an arms race for earlier times
of day, bounded by dawn on one side and by productivity on
the other. This tendency might be strengthened by other
factors, e.g. that the bees perform better after resting
(Hussaini et al. 2009) or that nectar production might
212 Behav Ecol Sociobiol (2011) 65:205–215accumulate overnight (Kleber 1935), factors that could act as
preadaptation in evolutionary terms.
If this hypothesis was true, we would expect learning
performance to increase already before dawn. Indeed all our
data show that honey bees’ learning performance reaches
its lowest point between ZT15 and ZT21 and that the
learning performance rises again afterwards. At their first
foraging trip, bees have to learn the most profitable food
source for that day which they can harvest afterwards. The
temporal optimum of the plants’ nectar and pollen
production and the shift to earlier arrival by competitive
pressure result in a common ecological niche.
A. mellifera appeared about 1 mya and colonised its
present-day rangewithanumberofsubspeciesabout50,000to
100,000 years ago (Ruttner 2003). During the last glacial
stages of our glacial age, plants and bees had to retreat
repeatedly into regions with a warmer climate or insular areas
with better survival conditions (Ellenberg 1996; Schroeder
1998;R u t t n e r2003). This length of time should be sufficient
to develop a tight plant - xinsect relationship. If this co-
evolution between plants and honey bees favours morning
nectar and pollen secretion, why do not all plants exhibit the
same diurnal rhythm? Not all flowers are pollinated by honey
bees: e.g. Silene spp. and Saponaria officinalis both show a
peak in nectar secretion at night and are pollinated by
nocturnal butterflies and hawk moths (Baker 1961;W i t te t
al. 1999;W o l f fe ta l .2006). Moths have a quite good
appetitive memory (Daly et al. 2001) and can learn odours. If
our hypothesis is correct and moths learn to associate floral
odorants with rewarding flowers, we would predict that they
exhibit their best learning performance during the early night.
A possible candidate moth for Central Europe would be
Autographa gamma (Esche 1996). If our hypothesis is right,
specialised insect - plant relationships would not be under the
evolutionary pressure for early morning hours. These include
the highly specific relationship between the sexually deceptive
orchids of the genus Ophrys and their pollinators (Kullenberg
1961; Borg-Karlson 1990;S c h i e s t le ta l .1999). More research
is needed to study these interactions.
Our findings demonstrate that honey bees learn best
early in the morning and propose an evolutionary
scenario that would explain this finding. Our results also
provide an important aspect to consider in designing
future learning experiments: circadian fluctuations need
to be accounted for.
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